The relationship of plasmid pNG2, isolated from an erythromycin-resistant strain of Corynebactenium diphtheriae, to plasmids isolated from skin coryneforms was examined. The extent of homology between plasmids from erythromycin-resistant and -susceptible skin coryneforms and pNG2 varied, but in aggregate homology was observed with all six BstEII fragments of pNG2. The data support the hypothesis that pNG2 originated in skin coryneforms. Intact plasmid pNG2 and some of its restriction fragments were cloned into Escherichia coli JM109. The erythromycin resistance phenotype was expressed in clones carrying intact pNG2 as well as in some of its fragments and appeared to depend on a C. diphtheriae promoter for expression. A 2.5-megadalton EcoRI fragment, the smallest expressing resistance, contained the 1.2-megadalton region of pNG2 which is deleted when the erythromycin-resistant strain of C. diphtheriae reverts spontaneously to the susceptible state.
The relationship of plasmid pNG2, isolated from an erythromycin-resistant strain of Corynebactenium diphtheriae, to plasmids isolated from skin coryneforms was examined. The extent of homology between plasmids from erythromycin-resistant and -susceptible skin coryneforms and pNG2 varied, but in aggregate homology was observed with all six BstEII fragments of pNG2. The data support the hypothesis that pNG2 originated in skin coryneforms. Intact plasmid pNG2 and some of its restriction fragments were cloned into Escherichia coli JM109. The erythromycin resistance phenotype was expressed in clones carrying intact pNG2 as well as in some of its fragments and appeared to depend on a C. diphtheriae promoter for expression. A 2.5-megadalton EcoRI fragment, the smallest expressing resistance, contained the 1.2-megadalton region of pNG2 which is deleted when the erythromycin-resistant strain of C. diphtheriae reverts spontaneously to the susceptible state.
Schiller et al. (16) isolated the first and thus far only Corynebacterium diphtheriae plasmid from clinical strains that were resistant to erythromycin (Emr). The plasmid, pNG2, has a molecular mass of 9.6 megadaltons (MDa), and the data suggest that the plasmid gene(s) mediating resistance is on a 1.2-MDa segment that is consistently lost when Emr strains revert spontaneously to the erythromycinsusceptible (Ems) state. The susceptible revertants carry the 8.4-MDa plasmid pNG3 in place of pNG2. Plasmids of various sizes were also isolated from strains of Emr and Ems aerobic skin coryneforms (17) . The term coryneform will be used throughout the paper to describe gram-positive, nonspore-forming, non-acid-fast rods, some of which are club shaped and exhibit angular arrangements. Some plasmids from each group exhibited homology with pNG2 under stringent conditions of hybridization though none was the same size as pNG2 or had an identical restriction enzyme digest pattern.
It was postulated on the basis of molecular and epidemiological observations that pNG2 was transferred to C. diphtheriae from an aerobic skin coryneform (17) . Because of this possibility, the relationship between pNG2 and some of the plasmids from skin coryneforms has been examined in greater detail in the present paper. In addition, pNG2 was cloned into Escherichia coli. Erythromycin resistance was expressed in some of the E. coli clones, and as a result, the segment of pNG2 associated with resistance was identified.
MATERIALS AND METHODS
Bacterial strains and media. The strains of C. diphtheriae, skin coryneforms, and E. coli used in this study are listed in Table 1 . C. diphtheriae and coryneform strains were maintained on heart infusion (Difco Laboratories, Detroit, Mich.) plus 0.2% Tween 80 agar. All cultures were grown aerobically at 37°C, usually without erythromycin, since the plasmids were quite stable. When erythromycin was added, it was added at a concentration of 15 ,ug/ml. The E. coli strains and clones were grown on LB agar (15) . Ampicillin and * Corresponding author. erythromycin, at concentrations of 100 and 200 ug/ml, respectively, were used to select for E. coli plasmids.
DNA extractions. Plasmid DNA was isolated from corynebacteria by using a modified version of the protocol of Anderson and McKay (1) . Since this method gives a significant improvement in yield over one described previously (16) , it is described in detail. Bacteria were grown at 35°C for 48 h without shaking and harvested in 200-ml portions by centrifugation in a GSA rotor at 7,000 x g for 10 min. Cell pellets were suspended in 100 ml of distilled water, and the samples were centrifuged again (7,000 x g, 10 min). Each pellet was then suspended in 12.5 ml of a lysozyme solution (5 mg of lysozyme per ml, 50 mM Tris, 2.5 mM EDTA [pH 8]), transferred to a 40-ml capped polypropylene tube, and shaken at 37°C for 2 h. After lysozyme treatment, 1.25 ml of 50 mM Tris-0.25 M EDTA (pH 8) and 0.8 ml of 20% sodium dodecyl sulfate-50 mM Tris-20 mM EDTA (pH 8) were added to each tube. The tubes were inverted (10 to 20 times) until lysis occurred and then were incubated at 50°C for 10 min to enhance lysis.
After lysis, pronase was added to a final concentration of 1 mg/ml, and the tubes were shaken at 37°C for 1 to 2 h. The cell lysates were then vortexed at high speed for 30 s; immediately afterward, 0.8 ml of a freshly made 3 N NaOH solution was added, and the tubes were inverted intermittently for 10 min. This was followed by the addition of 1.3 ml of 2 M Tris (pH 7), and after a 3-min mix by inversion, 1.9 ml of 5 M NaCl was added, and each tube was mixed gently. A phenol extraction was performed by adding an equal volume of phenol (with 0.1% 8-hydroxyquinoline and saturated with 3% NaCl). The tubes were inverted 15 times and centrifuged (7,000 x g, 10 min). The plasmid-containing aqueous phase was drawn off with a wide-bore 5-ml pipette and transferred to a new polypropylene tube. An equal volume of chloroform-isoamyl alcohol (24:1) was added, and the samples were mixed and spun as for the phenol extraction. The top aqueous layer was transferred to a 30-ml corex tube and mixed with 1 volume of isopropyl alcohol. After 2 to 16 h of precipitation at -20°C, the plasmid DNA was recovered by centrifugation in an SS34 rotor (10,000 x g, 10 min). The DNA pellets were rinsed in 95% ethanol, dried, and suspended in 400 RId of 5 mM Tris-0.5 mM EDTA (pH 8). All 10 of the plasmid DNA samples were pooled and purified further on one CsCl-ethidium bromide gradient. The DNA from 2 liters of culture was enough to form a bright plasmid band in the gradient tube. Plasmid DNA was extracted from E. coli strains by the procedure of Crosa and Falkow (6) .
Processing of DNA. Southern blotting, electrophoresis, in vitro labeling of DNA with 32P-deoxyribonucleotides, and autoradiographing were all performed as previously described (8) . Southern blots were hybridized with 32P-labeled probes at 68°C for 48 h. The hybridized filters were then washed four times in low-stringency buffer (0.1% sodium dodecyl sulfate, 10 mM Tris, 5 mM EDTA [pH 8]) at 68°C for 30 min each. The four low-stringency washes were followed by two washes in high-stringency buffer (0.015% sodium dodecyl sulfate, 1.5 mM Tris, 0.75 mM EDTA [pH 8]) at 68°C for 30 min each. These hybridizing and washing conditions permit no more than 10 to 12% mismatching.
Cloning. C. diphtheriae plasmid DNAs for cloning were prepared as noted above. Bacterial alkaline phosphatase was used to dephosphorylate the 5' ends of vector DNA before ligations. The vector used in these experiments was pUC8, which carries an ampicillin resistance marker and the lacZ gene (13, 14) . Ligations were carried out for 12 to 16 h at 15°C. Both the phosphatase and T4 ligase were obtained from Bethesda Research Laboratories, Gaithersburg, Md. Buffers and procedures were adapted from Maniatis et al. (12) .
E. coli cells were made competent and transformed by the method of Hanahan (9) . After transformation, cells were allowed to express for 1 h at 37°C in LB broth (15) with 20 mM sucrose. The cells were then plated on LB plates containing 100 ,ug of ampicillin per ml, 50 Rl of an isopropyl-P-D-thiogalactopyranoside solution (60 mg/ml), and 50 ,ul of an X-gal solution (2% in dimethyl formamide). White colonies were picked, and their plasmids were obtained for further characterization by Bimboim plasmid extractions (3) from 10-ml cultures of cells.
RESULTS
Plasmid isolation. Serious experimental constraints were imposed on our previous studies (16, 17) due to the small amount of plasmid pNG2 DNA that could be isolated. The new plasmid purification procedure described in Materials and Methods produced over a 100-fold improvement in yield and a commensurate increase in the purity of closed circular plasmid DNA. The critical step in increasing the yield was the 2-day incubation period with minimal aeration, during which time the cells grew more slowly and synthesized more plasmid DNA than under conditions described in the previous protocol. A similar effect of growth conditions on plasmid yield was reported for E. coli K-12 (7).
Mapping pNG2 and pNG3. pNG2 was mapped (Fig. 1 ) by analyzing single and double restriction endonuclease digests of plasmid DNA. The presence of single BamHI and PstI sites facilitated this effort. As expected, the map of plasmid pNG3 was identical to that of pNG2 except for the 1.2-MDa region located between one and two o'clock on the pNG2 map, a region that was deleted in virtually all Ems derivatives of C. diphtheriae (16) . Because loss of the 1.2-MDa region corresponded to loss of the Emr phenotype, the pNG2 map segment containing this fragment will be referred to as the "Emr-associated region."
Comparison of plasmids from skin coryneforms with pNG2 and pNG3. Plasmids pNG9, pNG16, pNG24, and pNG34, all known to have some homology with pNG2 (17), were isolated from skin coryneforms by the procedure developed for plasmid pNG2. When the BstEII digests of these plasmids were previously compared with those of pNG2 (17), many of the fragments were similar in size to pNG2 fragments and exhibited homology when probed with pNG2. As a further test of the hypothesis that pNG2 could have originated in a skin coryneform, we determined to what extent the DNA of pNG2 was represented among the plasmids from skin coryneforms. BstEII digests of pNG2 DNA were electrophoresed on agarose gels, Southern blotted, and then probed with each of the radiolabeled coryneform plasmid DNAs. Autoradiographs of the blots are shown in Fig. 2 , and the data showing which pNG2 fragments hybridized with the various plasmid probes are diagrammed in Fig. 3 .
It is apparent from the results that in aggregate plasmids from skin coryneforms contained DNA elements that hybridized with all the BstEII fragments of pNG2, although not one of these plasmids did so alone. Plasmids pNG24 and pNG34 from Ems strains did not hybridize with the D and fragments of pNG2 previously associated with erythromycin resistance (17) . However, coryneform plasmids from Emr strains hybridized strongly with these fragments. Fragments D and F both overlap the 1.2-MDa Emr-associated region identified in pNG2. It is worth noting that the pNG2 fragments hybridizing with each probe were contiguous to one another on the pNG2 map (Fig. 3) .
Identification of the Emr-conferring segment of pNG2 by cloning. EcoRI, PstI, or BamHI digests of plasmids pNG2 and pNG3 were cloned into the pUC8 Messing vector and replicated in an E. coli host strain. Clones containing plasmids pNG2 and pNG3 in part or in their entirety are described and diagrammed in Fig. 4 . Some of the pNG2 clones were erythromycin resistant, but as expected, none of the pNG3 clones were. All of the resistant clones contained the entire Emr-associated region of pNG2. The smallest cloned fragment producing the resistant phenotype was the 2.5-MDa fragment of pNG2-5. Clones pNG2-9 and pNG2-10, in which the inserts are in opposite orientation to the lac promoter, were both erythromycin resistant.
DISCUSSION
We have previously proposed a number of explanations for the presence of plasmid pNG2 in C. diphtheriae (17) . The paucity of plasmids in C. diphtheriae and the extensive DNA homology we have shown between pNG2 and plasmids from both Emr and Ems skin coryneforms support the hypothesis that pNG2 originated in skin coryneforms. The fact that both Emr C. diphtheriae and skin coryneforms were isolated from cutaneous lesions suggests that plasmid transfer could have occurred during cocolonization of a lesion.
Our data show that each of the BstEII fragments of pNG2 exhibited homology with one or more of the plasmids from skin coryneforms. Though no one of these plasmids hybridized with all of the pNG2 fragments, plasmid pNG34 hybridized with four BstEII fragments representing over 80% of pNG2 DNA. Probe designations: 2, pNG2; 3, pNG3; 34, pNG34; 24, pNG24; 9, pNG9; 16, pNG16. pNG2, pNG9, and pNG16 were isolated from Emr strains, and the remainder were isolated from Ems strains. Solid lines indicate fragments that hybridized strongly with probe DNA, and dotted lines indicate fragments that hybridized with a lesser intensity and may not be visible in Fig. 2 . The locations of a pNG2 fragment cloned in E. coli (pNG2-5 insert) and the Emr-associated region are indicated.
the skin coryneform plasmids were always contiguous on the pNG2 map. This, coupled with the similarity in BstEII fragment sizes between pNG2 and coryneform plasmids, suggests that the BstEII fragments are similarly organized in the skin coryneform plasmids. Thus, plasmid pNG2 appears to be a combination of elements found in plasmids of Ems and Emr skin coryneforms. Whether pNG2 was formed in skin coryneforms or in C. diphtheriae cannot be determined, though in view of the paucity of plasmids in C. diphtheriae, it is more likely that the former was the case. This would not be the first instance in which a member of the normal skin flora served as a reservoir of resistance plasmids for a pathogen. In a nosocomial outbreak of Staphylococcus aureus infections, an R plasmid consistently found in patient isolates was homologous to one that had been found in resistant strains of Staphylococcus epidermidis the year before (4). These results suggested that the transfer of an R plasmid from S. epidermidis to S. aureus conferred resistance upon the pathogen.
We have shown that some fragments of pNG2 conferred erythromycin resistance on E. coli when cloned into that organism. This is of interest for two reasons. First, it is another example of a resistance gene from a gram-positive organism being expressed in a gram-negative organism. Previous examples involving erythromycin resistance include genes from streptococci and staphylococci being expressed in E. coli (2, 10, 11 that the gene(s) directly responsible for it is present in pNG2, and more specifically in the 2.5-MDa fragment found in pNG2-5. It should be noted that the 2.5-MDa fragment includes the pNG2 BstEII D and F fragments previously correlated with erythromycin resistance (17) and the entire 1.2-MDa spontaneously deleting region called the Emrassociated region (Fig. 3) . The minimum sequence that determines the Emr phenotype remains to be identified. Finally, the fact that plasmids pNG9 and pNG16 contained BstEII DNA fragments the same size as the D and F fragments of pNG2 and that those fragments hybridized with the pNG2 probe (17) suggests that they contain a gene for Emr that is the same as or similar to that carried by pNG2.
We are in the process of sequencing parts of the 2. 
